Glyceraldehyde 3-phosphate dehydrogenases (EC 1.2.1.12 and 1.2.1.13) have been purified from the seed, root, etiolated, and green shoot of peas (Pisum sativum). These enzymes are tetramers of 140,000 daltons, with subunits of 35,000 daltons. The enzymes differ in isoelectric point. The seed enzyme has a pl of 5.1, and the root enzyme has a pI of 4.5. The cytoplasmic enzyme from etiolated shoots is slightly acidic with a pI of 5.7 to 6.1 and is found in two separable forms. The chloroplast enzyme (from green shoots) is most basic with a pI of 8.0.
greening Chlamydomonas, Fuller and Hudock (10, 15) hypothesized a conversion of the NAD linked into an NADPlinked enzyme. Bovarnik et al. (6) concluded that in Euglena the chloroplast NADP glyceraldehyde-3-P dehydrogenase is synthesized on cytoplasmic ribosomes, whereas ribulose-1,5-diP carboxylase, another photosynthetic carbon reduction cycle enzyme, is dependent upon chloroplast translation. These reports raise the question as to whether the cytoplasmic NADlinked enzyme is incorporated into the chloroplast and converted into an NADP enzyme or whether some other cytoplasmic component is utilized in the biosynthesis of the chloroplast enzyme.
Incorporation of the cytoplasmic enzyme into the chloroplast enzyme would mean that the purified chloroplast and cytoplasmic enzymes should have similar structural properties. In order to evaluate the structural similarity or dissimilarity of the chloroplast and cytoplasmic glyceraldehyde-3-P dehydrogenases, it is necessary to characterize the purified enzymes. Yonuschot et al. (31) have purified the spinach chloroplast enzyme and shown it to be of a higher mol wt (600,000) than any previously studied glyceraldehyde-3-P dehydrogenase, including the various muscle and yeast enzymes (1, 2, 7) . Another characteristic of the spinach chloroplast enzyme is a reversible polymerization between a 600,000 and a 140,000 mol wt form affected by NADP (25) .
These reports clearly indicate the need for a comparative study of the purified chloroplast and cytoplasmic glyceraldehyde-3-P dehydrogenases so that the structural similarity or dissimilarity of the molecules might be investigated. It would be important to know whether the chloroplast enzyme is a larger molecule than the enzymes found in the rest of the plant, whether or not these enzymes have some common subunit size, and to what extent the primary sequence differs between the carbon reduction cycle enzyme and the glycolytic enzymes. Our approach has been to purify the cytoplasmic enzyme from seeds, roots, and etiolated shoots and the chloroplast enzyme from green shoots and to compare them on the basis of mol wt, charge, and antigenic cross reactivity. Pea plants are ideal for such a study because of their ease of cultivation, readily harvestable roots, ability to generate large amounts of tissue when grown in the dark, and a large seed containing substantial quantities of glyceraldehyde-3-P dehydrogenase.
GLYCERALDEHYDE-3-P DEHYDROGENASE OF PEAS
bovine serum albumin, and rabbit muscle lactate dehydrogenase were purchased from Sigma Chemical Co. R-Phycoerythrin was a gift from Dr. W. H. Siegelman of the Brookhaven National Laboratory. The ampholytes were purchased from LKB. All other chemicals were reagent grade. Glyceraldehyde-3-P dehydrogenase from spinach was prepared from fresh market spinach through the DEAE' chromatography step, according to the method of Yonuschot et al. (31) . This preparation represented an approximately 40-fold purification. Phosphoadenosine diphosphoribose was prepared according to the procedure of Ben-Hayyim et al. (5) .
Plant Material. Seeds of Pisum sativum var. Progress No. 9 were purchased from Burpee Seed Co. For preparation of the seed enzyme, the seeds were used as purchased; for etiolated shoots, the seeds were planted in vermiculite and grown in the dark for 7 days; for green shoots, the seeds were planted in vermiculite and grown in the greenhouse for 14 days; and for root extracts, the roots of greenhouse-grown peas were used.
Isoelectric Focusing. Isoelectric focusing was performed using a 1 10-ml LKB isoelectric focusing column at 4 C. Focusing of native protein was performed using pH 3 to 10, pH 5 Electrophoresis. Disc gel electrophoresis of native protein was performed in 7.5% polyacrylamide gels according to the method of Davis (9) , except that the sample was layered on top of the running gel as a 5% sucrose solution instead of using sample and stacking gels.
Electrophoresis of dissociated protein was performed in sodium dodecyl sulfate gels according to the procedure of Weber and Osborn (29) . Protein was visualized in the gels by staining with Coomassie blue (29) .
Immunology. Antisera to the proteins was prepared by injection of 1 mg of protein in Freund's adjuvant into the foot pads of rabbits once a week for 3 successive weeks. The rabbits were bled 3 weeks after the final injection, and the serum was frozen following removal of the clotted material. Immunodiffusion experiments were performed according to the method of Stollar and Levine (27) .
Purification of Etiolated Pea Shoot Glyceraldehyde-3-P De- hydrogenase. The crude extract was prepared as follows. Etiolated pea epicotyls (100 g) were ground with 100 ml of buffer (100 mM potassium phosphate, pH 7. Hypatite Chromatography. The above dialyzed pool was applied to a 2 X 4 cm bed of Hypatite C (Sigma Chemical Co.) equilibrated with 20 mm potassium phosphate, pH 6.8. The column was washed with 25 ml of dialysis buffer followed by 25-ml portions of dialysis buffer of increasing phosphate concentration (30 mm, 40 mm, and 50 mM). Fractions of 2 ml were collected for all elutions, and these fractions were assayed for enzyme activity. Fractions of high activity were pooled and dialyzed against extracting buffer and stored at 4 C. The enzyme could be maintained for several months under these storage conditions with a gradual decrease in activity.
PURIFICATION OF PEA SEED GLYCERALDEHYDE-3-P DEHYDROGENASE Preparation of Acetone Powder and Crude Extract. Pea seeds were ground to a powder with a Wiley mill, and an acetone powder was prepared according to the method of Hageman and Arnon (14) . Acetone powder (700 g) thus prepared was extracted with 50 mm potassium phosphate, pH 7.2, 5 mm EDTA as described (14) .
Heat Treatment. The crude extract was divided into 1-liter aliquots in 2-liter Erlenmeyer flasks, and the flasks were immersed in a water bath maintained at 60 C. The flask contents were continually agitated until the contents reached 58 C, at which time the extract was cooled to 4 C and centrifuged.
First Ammonium Sulfate Fractionation. The supernatant solution from the heat treatment was fractionated with solid ammonium sulfate between 60 and 95% saturation, and the pH was maintained at 7.2 with 2 N ammonium hydroxide. The 95% ammonium sulfate precipitate was dissolved in 600 ml of extracting buffer and dialyzed overnight against extracting buffer.
Second Ammonium Sulfate Fractionation. The dialyzed protein solution from the first ammonium sulfate fractionation was fractionated between 72 and 88% ammonium sulfate, recovered by centrifugation, redissolved in 100 ml of extracting buffer, and dialyzed overnight against extracting buffer.
Acetone Fractionation. The dialyzed solution from the 72 to 88% ammonium sulfate fractionation was fractionated at -7 C between 30 and 50% (v/v) acetone. The precipitate from 50% acetone treatment was recovered by centrifugation, redissolved in 25 ml of extracting buffer, clarified by centrifugation, and concentrated to 5 ml with an Amicon ultrafiltration device using an XM-50 membrane.
Exclusion Gel Chromatography. The concentrated, acetone fractionated protein was applied to a 4 X 100 cm Sephadex G-200 column. Fractions of 5 ml were collected and assayed for enzyme activity and protein. The center of the eluted activity peak was pooled, concentrated to 10 mg of protein per ml, and stored at 4 C as a precipitate in 95% ammonium sulfate. The enzyme stored in this manner retained 50% of its activity after 1 year.
Enzyme Assays. The NAD-and NADP-dependent glyceraldehyde-3-P dehydrogenase activities were assayed in both the oxidative and reductive directions. The reductive assay was performed according to the method of Wu and Racker (30) as described by Schulman and Gibbs (26) , except that tris was substituted for sodium pyrophosphate. The oxidative assay was performed according to the procedure of Cori et al. (8) as described by Schulman and Gibbs (26) . A unit of activity is defined as the amount of enzyme reducing or oxidizing 1 micromole of pyridine nucleotide per hour at 25 C.
RESULTS AND DISCUSSION
Purification. Summaries of the purification procedures for the glyceraldehyde-3-P dehydrogenase are presented in Table  I to IV. These summaries represent typical results from a number of preparations, although individual preparations do vary depending upon the age of the plant tissue and the rapidity with which the purification procedures are achieved. The most inconsistent data are those pertaining to the NAD NADP linked activity ratio of the chloroplast activities. This ratio fluctuates between 1: 1 to 1:20 and tends to approach unity upon prolonged storage of the protein. The molecular basis for the change in this ratio is not at present clear, although high levels of reducing agent such as mercaptoethanol or dithiothreitol during preparation seem to enhance the NADP-dependent activity relative to the NAD activity.
The protein solutions obtained from these procedures are homogeneous as monitored by electrophoresis in polyacrylamide gels, as shown in Figure 1 . The percentage inhomogeneity in each preparation was estimated to be not more than 2%.
In the case of the NAD-linked enzyme from etiolated shoots, there are two distinct electrophoretic species which are separable by isoelectric focusing. This separation is illustrated in Figure 'A unit of activity is defined as the reduction of 1 jsmole of NAD/hr. 2 Protein was determined by the biuret reaction using bovine serum albumin as standard (13) . 3 In the crude extract there was usually some NADP-linked activity (about 3% of NAD-linked activity) which was completely eliminated by the DEAE-cellulose chromatography. (13) .
3There was no detectable NADP-linked activity in this extract. tography utilizing proteins of known mol wt as standards. The enzyme from all parts of the pea plant are identical with respect to mol wt (Fig. 3) . All are about 140,000 daltons and compare very closely to the mol wt of the muscle enzyme.
A possibly important observation made during this study is that the apparent mol wt of the chloroplast enzyme from spinach differs markedly depending upon whether the exclusion gel column is equilibrated and eluted with buffer containing a high level of reducing agent. The apparent mol wt of the spinach chloroplast glyceraldehyde-3-P dehydrogenase in a solvent devoid of reducing agent is approximately 320,000. However, when this protein is equilibrated with and eluted with a solvent 200 mm in 2-mercaptoethanol, the elution pattern is identical to that of a globular protein having a mol wt of 140,000 (data not shown).
The pea chloroplast enzyme does not show this change in apparent mol wt dependent upon reducing agent. Pupillo and Piccari (25) could affect the formation of 140,000 mol wt "protomers" of the spinach chloroplast enzyme by NADP. It is possible that the pea enzyme, which as purified contains bound NADP (26) , is "locked" in the 140,000 mol wt form and that the spinach enzyme as purified loses bound NADP resulting in aggregation.
Subunit Molecular Weights. Ribulose-1,5-diP carboxylase has subunits of different mol wt with the smaller subunit originating in the cytoplasm (17) . It was, therefore, of interest to determine whether the chloroplast glyceraldehyde-3-P dehydrogenase exhibited the same dissimilarity of subunit mol wt. Dissimilar subunits in the chloroplast enzyme might account for the utilization of both pyridine nucleotides. Gel electrophoresis in sodium dodecyl sulfate revealed that all of the pea glyceraldehyde-3-P dehydrogenases have subunits which are indistinguishable by this method (Fig. 4) . One observation made from these gels was the difficulty of completely dissociating the chloroplast enzyme. Similarly to the extra-chloroplast enzymes, the bulk of the protein moved as a band equivalent to 35,000 daltons. On occasion, a pattern was observed with the chloroplast enzyme which indicated the presence of dimers, trimers, and some residual tetramers.
Isoelectric Focusing. Early in our studies, we were able to separate the chloroplast NADP-NAD linked activity from the cytoplasmic NAD-linked activity on DEAE-cellulose. These 2 Protein was determined by the biuret reaction using bovine serum albumin as standard (13) . 4.2, which is strikingly unlike the isoelectric point of the pea chloroplast enzyme (8.0) . This difference is unexplainable at present but could be related to the difference in aggregation of the spinach versus the pea chloroplast enzyme.
Antigenic Cross Reactivity. Immunological cross reactivity has been useful for detecting differences between closely related proteins where the differences are at the level of the primary structure rather than at the level of secondary and tertiary structure (27) .
The use of antisera prepared against the individual enzymes revealed that substantial structural differences exist between the chloroplast and the extra-chloroplast enzymes (Table VI) . In these immunodiffusion experiments, antiserum prepared against the chloroplast enzyme reacted strongly with the purified chloroplast enzyme but did not react with the enzymes isolated from pea seeds, roots, or etiolated shoots. The antisera prepared against the extra-chloroplast enzymes did not react with the chloroplast enzyme. In contrast, the seed, root and etiolated shoot enzymes do show homologous cross reactivity with respect to the antisera against each protein. These data indicate structural similarity between the glyceraldehyde-3-P dehydro- Electrofocusing of glyceraldehyde-3-P dehydrogenase from etiolated pea shoots. Electrofocusing was performed with pH 3 to 10 ampholytes as described under "Materials and Methods." Activity was measured using NAD in the oxidative assay. 0: Enzyme activity; 0: pH. results indicated that there was a charge difference between the two proteins. Anderson and Lim (3) have observed in pea extracts a separation of NADP-NAD linked glyceraldehyde-3-P dehydrogenase from an NAD-linked enzyme by disc electrophoresis. We decided to carry these studies further and determine the isoelectric points of the purified glyceraldehyde-3-P dehydrogenases from peas.
Isoelectric focusing of the isolated enzymes in both native and dissociated condition revealed that the seed enzyme is acidic and is closer in its isoelectric point to the root and etiolated shoot cytoplasmic enzymes than to the chloroplast enzyme (Table V) . The chloroplast enzyme has a basic isoelectric point and is therefore very different in net charge. These results from the isoelectric focusing experiments and from experiments performed during development of the purification procedures show that there are charge differences among these enzymes. The question is whether this difference is due to ionizable groups exposed from differential disulfide bridge formation, as seems to be true in the experiments of Anderson and Lim (3) and Hudock and Fuller (15) , or whether the differences among the pea enzymes are due to primary as well as secondary structure.
The isoelectric point of the spinach chloroplast enzyme is Exclusion gel chromatography on Sephadex G-200 columns of the plant glyceraldehyde-3-P dehydrogenase plus calibration enzymes. The 2.5 X 75 cm columns were equilibrated with 50 mM potassium phosphate, 5 mM EDTA, pH 7.4. In the case of the spinach enzyme, columns were run with or without 2-mercaptoethanol. The dehydrogenases were assayed by enzyme activity; myoglobin, bovine serum albumin, and R-phycoerythrin were located by absorbance at 470, 280, and 564 nm, respectively. Results of electrophoresis in 10% sodium dodecyl sulfate-polyacrylamide gels of the purified chloroplast, root, etiolated shoot, and seed glyceraldehyde-3-P dehydrogenases from peas and various calibration proteins. Protein was visualized with Coomassie blue and mobility values calculated relative to a mobility of 1 for lysozyme. For subunit mol wt estimations the enzymes plus calibration proteins were all run on the same gel and the averages from at least six such gels used. 0: Glyceraldehyde-3-P dehydrogenases. Our immunodiffusion experiments indicate that the chloroplast glyceraldehyde-3-P dehydrogenase is most dissimilar, with respect to primary structure, to any of the other enzymes in the pea plant. The fact that the seed enzyme cross reacts with antisera to the cytoplasmic enzymes of the root and etiolated shoot indicates structural similarity. These differences obtained by the immunodiffusion technique cannot be quantitated; however, some generalizations can be derived from the information provided by Prager and Wilson (23) . Their data (23) indicate that for noncross reactivity to exist, the percentage difference in primary sequence is generally 12% or greater, and cross reactivity indicates dissimilarity less than 40%. We conclude that there are significant differences in the primary sequence of the chloroplast glyceraldehyde-3-P dehydrogenase relative to the NAD-specific enzymes in the pea plant and that the NAD-specific enzymes exhibit a high degree of homology.
Catalytic Properties. Table VII imply that the NAD-linked activity might be important in the conversion of triose and sugar phosphates during the immediate dark period following illumination (19) . The result would be NADH, and its oxidation may be the cause of the observed postillumination uptake of 02 in intact chloroplasts (28) .
The Michaelis constants for the chloroplast glyceraldehyde-3-P dehydrogenase with either pyridine nucleotide clearly favor the reductive formation of glyceraldehyde-3-P from glycerate-1, 3-diP, the affinity of the chloroplast enzyme for the reduced pyridine nucleotides being 20 to 40 times greater than for the oxidized forms (Table VII) . This ratio approaches unity for the rabbit muscle, pea root, seed, and etiolated shoot enzymes, suggesting that these enzymes participate in glycolysis as well as gluconeogenesis in contrast to the chloroplast enzyme which participates primarily in reductive CO, fixation. The seed enzyme has a low affinity for the oxidized pyridine nucleotide which is surprising considering its probable role in glycolysis. However, these constants might be indicative, as Schulman and Gibbs (26) have suggested, of adaptation to the dessicated storage conditions of the seed and some unique requirements of germination. The kinetic characteristics of the nonphosphaterequiring, irreversible, cytoplasmic glyceraldehyde-3-P dehydrogenase listed in Table VII are those most suitable for its proposed role in the transfer of reducing equivalents from the chloroplast to the cytoplasm (18) .
There is still some uncertainty whether both pyridine nucleotides bind to the same catalytic site(s) on the chloroplast enzyme. Gibbs and Schulman (26) were able to obtain a differ- (25, 31) . We have attempted to resolve this disparity by the use of the NADP analog phosphoadenosine diphosphoribose described by BenHayyim et al. (5) . In our experiments with this analog and the chloroplast NAD and NADP activities, phosphoadenosine diphosphoribose showed competitive inhibition of the enzyme with either pyridine nucleotide (data not shown). The specificity of the phosphoadenosine diphosphoribose for NADP-binding sites was confirmed by its lack of inhibition of the rabbit muscle and pea seed NAD specific glyceraldehyde-3-P dehydrogenases.
The inhibitor pyridine-3-aldehyde NAD used by Schulman and Gibbs (26) was again tested for its effect on the NAD-and NADP-linked activities of the chloroplast enzyme. The analog was competitive with respect to the NAD-linked activity with a Ki of 50 pM (Fig. 5) . However, with respect to the NADPlinked activity, the inhibition was hyperbolic competitive with a Ki of 80 fcM (Fig. 6) . These results suggest more complexity of pyridine nucleotide binding to the chloroplast enzyme than can be resolved by reliance on any single kinetic parameter. Further studies on this pyridine nucleotide specificity are in progress. hyde-3-P dehydrogenase activity by pyridine-3-aldehyde assays were performed in the oxidative direction. trations were 500 Am (0) and 100 Am (e). 
